The ability to count biomolecules such as cancer-biomarker miRNAs with the naked eye is seemingly impossible in molecular diagnostics. Here, we show an ultrasensitive naked-eye-counting strategy for quantifying miRNAs by employing T7 phage-a bacteria-specific virus nanoparticle-as a surrogate. The phage is genetically engineered to become fluorescent and capable of binding a miRNA-capturing gold nanoparticle (GNP) in a one-to-one manner. Target miRNAs crosslink the resultant phage-GNP couple and miRNA-capturing magnetic microparticles, forming a sandwich complex containing equimolar phage and miRNA. The phage is then released from the complex and developed into one macroscopic fluorescent plaque in a Petri dish by plating it in a host bacterial medium. Counting the plaques by the naked eye enables the quantification of miRNAs with detection limits of ∼3 and ∼5 aM for single-target and two-target miRNAs, respectively. This approach o ers ultrasensitive and convenient quantification of disease biomarkers by the naked eye.
M olecular diagnostics aims to detect specific DNA, RNA or proteins to help diagnose and monitor disease, assess disease risk, and determine what treatments work best for individual patients. Therefore, its development enables the advancement of personalized and precision medicine 1 . However, the ability to quantify these molecules using an intuitive and simple method remains a challenge. The widely used methods in clinics, including enzyme-linked immune-sorbent assay (ELISA) and immunohistochemistry (IHC) for proteins, as well as polymerase chain reaction (PCR) for DNA or RNA, provide only a relative measurement method that must be calibrated by a standard curve. In recent years, nanotechnology has been applied in the field of molecular diagnostics, and generated many promising nanostructure-based diagnostic methods, such as gold nanoparticle (GNP) labelling 2 , GNP-based colorimetric discrimination 3 , Raman spectroscopic fingerprinting 4 and Bio-barcode detection [5] [6] [7] [8] . Labelling oligonucleotide targets with GNPs can discriminate the single-base mismatches due to the altered sharp melting profiles of targets 2 . GNP probes labelled with oligonucleotides and Raman-active dyes provide multiplexing and rationing capabilities for DNA and RNA detection owing to the advantage of the Ramanactive dyes being a narrow-band spectroscopic fingerprint 3, 4 . Bio-barcode strategies using diverse molecules, such as organic molecules 5 , peptides 6 and DNA 7, 8 , as a surrogate of the target of interest can reach a detection limit as low as 1 aM, characteristic of the sensitivity of PCR. However, so far, none of the detection methods can achieve the goal of counting target molecules with the naked eye. A methodology allowing direct counting of target molecules with ultrahigh sensitivity would be extremely beneficial for clinical diagnostics.
Counting strategy
Herein, we report a naked-eye-counting method (Fig. 1a ) for quantifying miRNAs, with sensitivity comparable to PCR. This method relies on the use of two probes. One is a GNP probe dually modified with a recombinant GNP-binding fluorescent T7 phage and an oligonucleotide complementary to one segment of the target miRNAs. The other is a magnetic microparticle (MMP) probe functionalized with an oligonucleotide complementary to another segment of the same miRNAs. The target miRNAs are recognized and thus captured by the two probes to form a sandwich complex due to DNA/RNA hybridization. Then a gold-binding peptide (GBP) that can competitively bind to the GNPs is added to release the T7 phages from the GNPs in the complex, followed by magnetic separation to remove the GNP-MNP complex and purify the T7 phages from the complex. Subsequently, the fluorescent T7 phages are plated on a host bacterial medium in a Petri dish to develop fluorescent plaques ( Fig. 1a ). Because the number of T7 phages is equal to not only that of the target miRNAs before separation from the complex, but also that of the developed macroscopic eyevisible plaques, the quantity of target molecules is easily determined by directly counting the fluorescent plaques in a Petri dish. The innovative feature of this strategy is that T7 phages are assembled with GNPs in a 'one-to-one' manner to form a T7-GNP complex under appropriate conditions and serve as a surrogate that correlates the number of target miRNAs and eye-visible plaques.
Phage is a virus that specifically infects bacteria. We, along with others, have used non-lytic phages or plant viruses-that is, viruses that do not kill their host cells during infection (such as M13 phage or tobacco mosaic virus), to assemble metal or inorganic nanoparticles [9] [10] [11] [12] [13] [14] [15] and detect target molecules such as . A T7-GNP probe is formed by first conjugating a thiolated miRNA-capturing oligonucleotide onto a GNP, which is then specifically bound with fluorescent T7 phage displaying GBP at the terminus of its tail fibres to form a T7-GNP couple in a one-to-one format. Another probe, the MMP probe, is prepared by conjugation of another biotinylated miRNA-capturing oligonucleotide onto a MMP. Then the MMP probe and the T7-GNP probe are mixed in the presence of the target miRNA. The recognition and capture of the target miRNA by the two di erent miRNA-capturing oligonucleotides on the GNP and MMP probes leads to the formation of a sandwich complex. The two di erent miRNA-capturing oligonucleotides are complementary and thus bind to two di erent segments (at two distal ends) of the same miRNA target molecule, favouring the formation of the sandwich complex. When a high concentration of GBP, which can compete for the binding sites on GNPs with T7 phages, is added to the complex, the T7 phages are released from the complex. Then the T7 phages and the rest of the sandwich are magnetically separated. By plating the purified T7 phages in the Petri dish, plaques are formed. Because the number of fluorescent plaques is equal to that of the T7 phages, which is originally equal to the number of miRNA target molecules in the complex, counting the number of fluorescent plaques that can be seen in the Petri dish by eye results in quantification of the miRNA. b, Schematic diagram of recombinant fluorescent T7 phage. The green colour on the capsid of recombinant fluorescent T7 phage represents the green fluorescence protein. c, Photographs of a Petri dish showing the presence of plaques when green fluorescence T7 phages are plated on the host bacteria media (right) and the absence of plaques when no phage is used to infect bacteria (left). d, Images of the same Petri dish shown in c under the fluorescence scanner. The Petri dish on the right shows green plaques whereas the one on the left does not. An excitation wavelength of 488 nm is used in detecting the green fluorescent plaques derived from the green fluorescent T7 phage-GNP probes.
cancer biomarkers 16, 17 . Lytic T7 phage ( Fig. 1b) , the virus that kills and breaks open bacteria during infection, is another widely used protein/peptide display platform. It has a unique structure, different from a non-lytic phage such as M13. It consists of a spherical protein capsid (encapsulating DNA) with an inner diameter of 55 nm attached to six tail fibres (2 nm in diameter and 32 nm in length) 18 . Both the capsid and tail fibres can be genetically modified to display foreign peptides or proteins. Hence, T7 phage is an ideal surrogate species owing to its nanoscale size and ease of genetic modification 19 . In addition, it shows rapid reproductive ability; one phage can be developed into one clear plaque in its host Petri dish within 3 h at 37 • C.
Double display of fluorescent protein and GBP on T7 phage
We first modified two loci of the T7 phage genome, one is gene 10 (encoding a coat protein constituting the spherical capsid) for displaying fluorescent protein, and the other is gene 17 (encoding a coat protein forming the tail fibres) for displaying GBP ( Supplementary Fig. 1 ). Specifically, by inserting a gene encoding a fluorescent protein, such as enhanced green fluorescent protein (EGFP) or red fluorescent protein (RFP), into the cloning regions of T7Select10-3b vector (Novagen), the fluorescent protein is incorporated into the spherical capsid of the T7 phage, causing the macroscopic plaques derived from it to emit either green or red light under a fluorescence scanner. Similarly, inserting a gene encoding GBP into gene 17 results in the display of GBP near the tips of the six tail fibres, allowing the tails of the T7 phage to acquire the gold-binding ability needed to construct the T7-GNP probe, where one GNP is attached to one T7 phage (Fig. 1a ). The key design feature of the 'one-to-one' T7-GNP assembly is that one plaque, which is derived from one T7 phage released from the sandwich complex, represents one target molecule (that is, miRNA). Consequently, the exact number of captured target molecules in the complex corresponds to the number of plaques ( Fig. 1a ).
It is well established that various fluorescent proteins can be fused to the capsid (product of gene 10) of the T7 phage 20, 21 . Consequently, T7 phages displaying different fluorescent proteins can be used to represent different molecular targets of interest, enabling our strategy to achieve multiplexed detection. In this study, two types of fluorescent phage particles were obtained by inserting the EGFP or RFP gene between the BamH I and Xho I sites of T7 Select10-3b vector ( Supplementary Fig. 2a ). As a result of the plating experiment with the constructed EGFP-displaying T7 phages, plaques developed from the recombinant T7 phages were visible to the naked eye ( Fig. 1c , right) and appeared clearly green in the Petri dish under a fluorescence scanner at an excitation wavelength of 488 nm ( Fig. 1d , right). However, no plaques were formed when no T7 phages were present ( Fig. 1c,d , left picture). Furthermore, EGFPdisplaying T7 phages were amplified by infecting host bacteria. An agarose (1.0%) gel-electrophoresis image resulting from the PCR reaction with the recombinant T7 phages as a template confirmed that the EGFP sequence was fused to gene 10 ( Supplementary  Fig. 3 ). Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and western-blotting analyses further confirmed the successful construction of the green fluorescent T7 phage ( Supplementary Fig. 4 ). The red fluorescent T7 phages were constructed in a similar manner.
NATURE MATERIALS
To make the fluorescent T7 phage capable of binding a GNP to form a T7-GNP couple (Fig. 1a ), we displayed a reported GBP (VSGSSPDS; ref. 22 ) at the terminus of the six tail fibres of the phage by inserting its gene into gene 17 ( Supplementary Fig. 2b,c) , as the display of the peptide does not affect the infection capability of T7 phage 23 . Specifically, GBP was fused to the C terminus of the product of gene 17 of the recombinant fluorescent T7 phage genome 24 by overlapping PCR. Towards this end, the genome of the fluorescent T7 phages was first extracted from the lysate of host bacteria BLT5403 with the genome extraction kit (Genmed), and then cleaved into three segments by the restriction enzymes Alw I and Pm1 I. The two fragments ( Supplementary Figs 2c and 5) , fragment 1 and 2, were collected and connected with the modified version of gene 17 ( Supplementary Figs 2b and 6IV ) to construct the designed recombinant T7 genome. The modified version of gene 17 was obtained by overlapping PCR technology with fragment 3 ( Supplementary Figs 2b and 6II ) and fragment 4 ( Supplementary  Figs 2b and 6III ). Successful overlapping was confirmed by PCR ( Supplementary Fig. 6IV ). After the two fragments were connected with the modified version of gene 17 using a ligase, the reaction product was packaged in vitro with T7 Packaging Kit (Novagen), and then allowed to infect BLT5403 culture. The lysate supernatant was collected to develop the positive plaques. The band size of the PCR product of one of the positive clones was consistent with the expected modification, which confirmed the successful construction of the desired T7 phage ( Supplementary Fig. 7II ).
Formation of probes for counting
To demonstrate our counting strategy, we chose miRNAs as a target analyte. miRNAs are a family of small non-coding regulatory RNAs and can serve as promising biomarkers of various types of cancer [25] [26] [27] [28] . Quantitative PCR (qPCR) is widely used nowadays in miRNA assays because of its sensitivity. However, it is still limited by its high cost and false positivity 29 . Therefore, there is a pressing need for a new method that can reliably quantify miRNAs with lower cost and high fidelity. First, let-7a (5 -UGAGGUAGUAG GUUGUAUAGU-3 ), a promising biomarker of non-small-cell lung cancer 30 , was chosen as a single miRNA target. Accordingly, the T7-GNP probe was prepared by initial functionalization of the GNPs with a thiolated miRNA-capturing oligonucleotide 1 (5 -AAAAAAAAAAAAAAAACTATACAACC-3 , 1), followed by binding with the GNP-binding fluorescent T7 phages through the GBP displayed at the tip of their tail fibres (Fig. 1a) . The GNPs used were ∼20 nm in size and showed good dispersibility ( Supplementary Fig. 8a ). The 1-modified GNPs on the TEM grid were aggregated into an evenly spaced planar structure because negatively charged oligonucleotides coated on the GNPs made them repel each other ( Supplementary Fig. 8b ). This result indicates that a high density of miRNA-capturing oligonucleotide has been coated on the GNPs. The 1-modified GNPs ( Supplementary Fig. 9II ) before hybridization had a red colour, similar to that of the as-synthesized GNPs ( Supplementary Fig. 9I ), which was in agreement with the surface plasmon resonance (SPR) band at 522 nm ( Supplementary  Fig. 10 , red and blue curve). The hybridization capability of the 1-modified GNPs is the basis for the T7-GNP probes to capture target miRNA. To demonstrate such capability, 1-modified GNPs (2.5 nM) and GNPs (2.5 nM) functionalized by thiolated miRNAcapturing oligonucleotide 2 (5 -TACTACCTCAAAAAAAAAAAA AAAA-3 , 2) were incubated in the presence of excess let-7a (1 µM). Subsequently, the resultant red mixture turned blue ( Supplementary  Fig. 9IV ), in contrast to the control in the absence of let-7a ( Supplementary Fig. 9III ). The blue shift is due to aggregation of the GNPs caused by hybridization ( Supplementary Fig. 8c ). This result confirms that these oligonucleotide-modified GNPs have an excellent ability to capture complementary miRNAs.
To assemble 1-modified GNPs and fluorescent T7 phages in a 'one-to-one' manner to form T7-GNP probes (Fig. 1a) , the GNPbinding fluorescent T7 phages were mixed with excess 1-modified GNPs. The resultant T7-GNP complexes were then purified by CsCl gradient centrifugation, followed by dialysis against an assay buffer (0.2 M NaCl, 10 mM phosphate buffer, 0.1% Tween 20, pH 7.4). The gradient centrifugation was found useful in purifying T7-GNP complexes with a T7/GNP molar ratio of 1 and in removing the excess GNPs ( Supplementary Fig. 11a ). Transmission electron microscopy (TEM) images showed that T7-GNP probes were formed and in rare cases two T7 phages were attached to one obviously bigger GNP ( Supplementary Fig. 11b ). After optimizing the GNP synthesis protocol to avoid GNPs with larger diameters, we obtained uniform GNPs with a diameter of 20 nm ( Supplementary  Fig. 8a ) for preparing T7-GNP probes. Successful purification of the T7-GNP probes ( Supplementary Fig. 12III ) after gradient centrifugation was confirmed by TEM. TEM observation clearly showed that GNPs were indeed bound with the T7 phages in a 'one-to-one' manner ( Fig. 2b) . However, when T7 phages did not display GBP at their tail fibres, T7-GNP complexes were not formed ( Fig. 2a ). In addition, oligonucleotide-modified GNPs ( Supplementary Fig. 8b ) and T7 phages (with anionic coat proteins 31 ) are both anionic and thus tended to repel each other. Therefore, they could not be bound together unless T7 phages were engineered to display GBP. In addition, the ultraviolet-visible absorption of T7-GNP probes ( Supplementary Fig. 10 , green curve) at 280 nm was obviously different from that of GNPs ( Supplementary Fig. 10 , red curve) or 1-modified GNPs ( Supplementary Fig. 10 , blue curve) owing to the presence of T7 phage in the T7-GNP probes. Surprisingly, T7-GNP probes stored at 4 • C for nearly one year still maintained the oneto-one combination of T7 phages and GNPs (Fig. 2c ), indicating the excellent stability of our probes.
To form MMP probes, commercial MMPs (Dynabeads MyOne Streptavidin T1, Invitrogen), superparamagnetic beads (∼1 µm in diameter) coated with a monolayer of recombinant streptavidin and blocked with bovine serum albumin, were modified with a biotinylated 2 through avidin-biotin interaction. In a sandwich assay the resultant 2-modified MMP probes, let-7a and 1-modified GNPs were incubated and the MMP probes were then magnetically separated. We found that the magnetically separated MMP probes were decorated with hundreds of GNPs (Fig. 2e) as a result of the hybridization between let-7a and the miRNA-capturing oligonucleotides on the GNPs and MMPs. However, no binding between GNPs and MMP probes was seen in the absence of let-7a ( Fig. 2d) . These results confirmed that the MMP probes were successfully prepared.
Counting single and double miRNAs
The feasibility of the counting strategy was tested for the detection of single miRNAs. In the proof-of-concept experiments, 10 µl of let-7a (1 µM) and 40 µl of each probe (MMP probes at 2.5 mg ml −1 and T7-GNP probes at 2.5 nM) were mixed to form sandwich complexes. The formation of the sandwich complexes allowed the T7-GNP probes (complexed with MMP probes) to be driven towards the tube walls by a magnetic field, generating a colour change in the solution due to the removal of GNPs from the solution phase ( Supplementary Fig. 13II ). However, under the same magnetic field, the solution in the absence of let-7a remained red ( Supplementary Fig. 13III ) because T7-GNP probes were not associated with MMPs to form the sandwich complexes and remained in the solution phase. SDS-PAGE was employed to verify the presence of both MMPs and T7 phages in the sandwich complex (Fig. 2f ). After the sandwich complexes were magnetically collected, T7 phage could be released from the complexes by adding excess synthesized GBP that could competitively bind to the GNPs, as indicated by using SDS-PAGE and agarose electrophoresis analysis ( Supplementary Figs 14 and 15 ). We also verified that the sandwiches contained T7 phages and GNPs in a one-to-one ratio by adding an excess oligonucleotide perfectly complementary to let-7a to break the sandwich complex and by using TEM imaging ( Supplementary Fig. 16a ) and SDS-PAGE analysis ( Supplementary Fig. 16b ).
To count the single miRNA target, the sample of let-7a was diluted down to 30 aM (equivalent to ∼180 molecules in 10 µl), and 97 individual fluorescent plaques were visible under the fluorescence scanner (Fig. 3c) . When the let-7a concentration was reduced to 3 aM (∼20 molecules in 10 µl), 11 green fluorescent plaques (Fig. 3b ) were still visible. No plaques (Fig. 3a) were observed in the absence of let-7a, indicating the lack of false positivity. In the absence of target miRNAs, MMP probes were not prone to adsorb T7-GNP probes or T7 phages, owing to the repulsive interaction between the negatively charged oligonucleotides on the surface of MMPs and GNPs, and the negatively charged capsid of the T7 phage. Parallel experiments with various concentrations indicated that the counting strategy had good reproducibility in quantifying let-7a at each specific concentration ( Fig. 3d and Supplementary  Fig. 17a ). To test the accuracy of the method, qPCR was used to quantify the samples with miRNA concentrations of 3 aM or 30 aM. The qPCR analysis showed that the concentrations of the samples were accurate ( Supplementary Fig. 18 ), and the capturing efficiency of the counting strategy was approximately 50% ( Fig. 3d and Supplementary Fig. 17b ). The capturing efficiency could be used to calculate the actual number of target molecules, which approximately doubles the number of plaques counted in the Petri dish.
The ability to distinguish multiple targets simultaneously in microlitres of samples is a desirable feature for future clinical applications. As diverse fluorescent phages could serve as labels for different targets, we constructed GNP-binding red fluorescent T7 phages as the second target's surrogate. The miR-195 (5 -UA GCAGCACAGAAAUAUUGGC-3 ), an important regulator in human hepatocellular carcinoma 32 , was chosen along with let-7a for multiple miRNAs assay. The procedure for preparing the second T7-GNP probe is similar to that for the first probe, except for the conjugation of a new oligonucleotide (5 -AAAAAAAAAAG CCAATATTTC-3 ) with GNPs for capturing the new miRNA, and the complexation of the resultant GNPs with GNP-binding red fluorescent T7 phage to form a couple. Likewise, the second MMP probe was functionalized with a new miRNA-capturing oligonucleotide (5 -TGTGCTGCTAAAAAAAAAAA-3 ) that can form a sandwich structure with miR-195 and the second T7-GNP probe. After preparing the second pair of probes for detecting target miR-195, we explored the performance of the counting strategy when both let-7a and miR-195 coexisted in a sample. A 10 µl mixture of the two target miRNAs, each at 30 aM, was first used as the sample. The result indicated that 101 green plaques and 94 red plaques were simultaneously detected in a Petri dish (Fig. 3g ). Furthermore, the detection limit for the two targets was found to be 5 aM (∼30 molecules in 10 µl). At this concentration, there were 15 green plaques and 11 red plaques in a Petri dish (Fig. 3f ), whereas no fluorescent plaques were visible in the absence of let-7a and miR-195 (Fig 3e) . Good reproducibility of the counting strategy and a target capturing efficiency of ∼50% were confirmed for simultaneous quantification of two targets at various concentrations ( Fig. 3h and Supplementary Fig. 19 ).
It is very important for a bioanalytical method to quantify miRNAs with single-base mutation, because a large number of miRNAs have similar sequences. Hence, we then proceeded to demonstrate that our counting method can distinguish let-7a from single-nucleotide polymorphisms. Our data ( Supplementary  Fig. 20 ) suggest that the counting strategy could distinguish let-7a from its single-base mutation variants at 29 • C. The data suggest that the probes modified with the sequence perfectly complementary to let-7a did not bind to the mutant with a single mismatch in the middle site of the sequence at 29 • C, even at a higher concentration of the mutant. Because some miRNAs happen to be the scrambled version of other miRNAs in the human body, the capability of our method in distinguishing them is also very important. Thus, we further assayed two samples, one containing the target miRNA (miR-21) at 20 aM and its scrambled version (miR-95) at 200 aM, and the other containing only 200 aM of miR-95 ( Supplementary  Fig. 21 ). The result showed that our counting method worked well in distinguishing the target miRNA and its scrambled sequence ( Supplementary Fig. 21b,c) .
To demonstrate that our method can be used in clinics, we further applied it to quantify miRNAs in clinical human samples including cells (using cancer cells as an example), body fluids (using serum as an example) and tissues (using tumour tissue from cancer patients as an example). First, we employed the counting method to quantify miRNAs with an altered level of expression in cancer cells due to chemical treatment. Briefly, we cultured HepG2 cancer cells (purchased from the Institute of Biochemistry and Cell Biology of the Chinese Academy of Science and then verified not to be contaminated by mycoplasma) until the cells occupied 80% of the culture plate, and then treated them with 300 ng TNF-α per plate. We then harvested the cells and extracted miRNAs from the cells using a commercial miRNA extraction kit (Mivana mirna isolation kit, Ambion). We selected two miRNAs (has-miR-210-5p and has-miR-1246) for detection from the extracted miRNAs. Finally, we assayed the two miRNAs in these samples using both the counting method and the qPCR method. The change in the expression level of the two miRNAs determined by our counting method is consistent with that determined by qPCR ( Fig. 4a and Supplementary Fig. 22 ). The data confirm that the counting strategy is capable of detecting the change in the level of miRNAs expression in cancer cells. Second, we used the counting method to detect miRNAs from spiked human serum. Briefly, we removed one or two target miRNAs (let-7a and miR-195) from the human serum by first adding MMPs functionalized with the oligonucleotide sequence complementary to the target miRNAs and then using an external magnetic field to remove the miRNA-bound MMPs ( Supplementary Table 1 ). Then we added target miRNAs in a known amount to serum devoid of the corresponding target to form serum samples with known concentrations of the target. We finally applied the counting method to detect a single target (let-7a) and two targets (let-7a and miR-195) from the spiked serum samples. The results (Fig. 4b,c and Supplementary Fig. 23) show that the counting method is reproducible and accurate in assaying the serum samples. Third, we detected miRNAs in tumour tissue and its nearby healthy tissue (para-carcinoma tissue) of lung-cancer patients using the counting method. It should be noted that such detection can give clues about tumour development and prognosis after tumour treatment. Briefly, we used a block of tumour-tissue sample and a piece of para-carcinoma tissue from the same patient with non-small-cell lung cancer and explored the possibility of assaying these tissues using our counting method. We chose two miRNAs (hsa-let-7b-5p and has-miR-21-5p) because their expression level was different in tumour and para-carcinoma tissue 33, 34 . Then we employed our counting method to assay these samples and compared the data from the counting method and the control method (qPCR). The new results ( Fig. 4d and Supplementary Fig. 24 ) undoubtedly show that the counting strategy is robust in counting miRNAs in tissue samples from the patients Moreover, the efficiency of capturing miRNAs remains approximately 50% ( Fig. 4b-d ). Collectively, these experiments ( Fig. 4 and Supplementary Figs 22-24 ) prove that the counting strategy is capable of precisely detecting miRNAs from the clinical samples (cells, tissues, and body fluids) with high sensitivity.
Concluding remarks
Our counting strategy for quantifying miRNAs is in principle simpler and easier to perform than the qPCR technique. We estimate that both methods take a similar time to achieve detection, yet the counting strategy is less costly. A reliable qPCR method requires normalization of the data using a housekeeping gene as an endogenous control, which is expected to have constant quantity. Unfortunately, an ideal housekeeping gene has not yet been found [35] [36] [37] . Although our strategy for counting single or multiple miRNAs with good reproducibility is suitable only for counting miRNAs at less than fM concentrations owing to the limited capacity to accommodate plaques in a Petri dish, samples at a higher concentration can be quantified after diluting them first or by employing a spotting robot to spot nanolitres of samples. In short, using this naked-eye-counting strategy, one can quantify miRNAs and easily perform the assay in a few hours because macroscopic plaques can be developed in less than 3 h. Furthermore, if integrated into an automatic fluorescence-scanning analysis system, the counting would take even less time. Importantly, because the strategy combines the advantages of nanoparticles and biological species, it could be readily expanded to count other species, such as DNA, antigens and viruses. The counting strategy may open up new avenues for the ultrasensitive detection of disease biomarkers and thus should find potential applications in clinical diagnosis-in particular, in the early detection of diseases such as cancer.
